Background: This study aimed to investigate the value of left atrial (LA) strain and
Introduction
Atrial fibrillation (AF) increases the risk of thromboembolic events. It was reported that dominant source of embolism (over 90%) is the left atrial appendage (LAA) in nonvalvular atrial fibrillation (NVAF) [1] . Although transesophageal echocardiography (TEE) is a superior mode of imaging in detecting thrombi in the LAA, the frequent use of this imaging technique is limited due to its semi-invasiveness [2] . So there is a need to find a noninvasive and applicable assisted screening method.
The primary mechanism of left atrial (LA) thrombus formation in patient with AF was thought to be blood stagnation induced by the lack of organized LA and LAA contraction. LAA function was reported to be correlated with LAA stasis [3] .
Considering the structural integrity and functional consistency of LA and LAA, there should be a relation between LA function and LAA stasis. Two-dimensional (2D) speckle tracking echocardiography (STE) derived strain and strain rate imaging (S/SRI) has been confirmed to be a noninvasive and effective method in the quantification of LA mechanic function [4] . Thus, the possibility of LAA stasis being existent might be inferred from LA S/SR on transthoracic echocardiography (TTE). In this study, the value of LA S/SR in predicting LAA stasis was investigated in patients with NVAF.
Methods

Study population
One hundred and thirty-four patients with NVAF referred to our echo lab for TEE evaluation before AF ablation from February 2014 to April 2015 were recruited.
NVAF was diagnosed following the 2014 AHA/ACC/HRS guideline [5] . Patients enrolled might also accompanied with hypertension, diabetes mellitus, and coronary heart disease. The exclusion criteria were significant aortic or mitral valve disease (any degree of aortic/mitral valve stenosis or mitral/aortic regurgitation > II), cardiomyopathy, any systemic disease such as significant liver disease, overt organ failure, neurologic disorders, malignant disease, hyperthyroidism, acute pulmonary disease or history of cardiac surgery. Warfarin was administered at the discretion of the physician in charge. The anticoagulation status was listed in Table 1 .
This study was approved by the medical ethics committee of our hospital, and informed consent was obtained from all patients.
Echocardiography
All patients underwent TTE and TEE using a Philips iE33 ultrasound machine (Philips Medical Systems, Eindhoven, The Netherlands), with synchronous electrocardiogram (ECG) recording. All measurements were either given as the average values of 3 consecutive cardiac cycles in normal sinus rhythm (NSR) or the average values of 5 consecutive cardiac cycles during the AF episode.
TTE
A complete and standard TTE was performed using a Philips iE33, equipped with a S5-1 probe. All measurements and evaluations were performed according to the guidelines of American Society of Echocardiography [6] . The average heart rate was recorded. The left ventricular ejection fraction (LVEF) was measured using the modified Simpson's biplane method. Transmitral peak early diastolic filling velocity E was recorded by pulsed-wave Doppler at the tips of the mitral valve leaflets in an apical four-chamber view and tissue Doppler imaging was applied in the pulsed-wave Doppler mode to record the mitral annulus peak early diastolic velocities (e') at the septal and lateral positions. The LV-filling index E/e' ratio was calculated using the average of two positions of the mitral annulus. LA volumes were calculated from the apical four-and two-chamber views of the LA using the biplane method of the discs.
The maximum LA volume was indexed by dividing the body surface area to acquire the LA volume index (LAVI).
Offline analyses -2D STE S/SR
2D apical 4-chamber views acquired with at least 60 frames per second were digitized during five consecutive cardiac cycles in cine-loop format.
Views were imported to the 2D speckle-tracking workstation, TomTec-Image Arena 4.0 (2D Cardiac Performance Analysis; TomTec Imaging System, Munich, Germany). Each view was analyzed according to the following steps: using QRS onset of the ECG as the reference point, 5 cardiac cycles were selected. Next, the LA endocardial surface was traced manually by a point-and-click approach. An epicardial surface tracing was automatically generated by the system, creating a region of interest (ROI), which was manually adjusted to cover the full thickness of the LA wall.
Before processing, a cine-loop preview feature visually confirmed that the internal line followed the LA endocardium throughout the 5 cardiac cycles. The software divided the ROI into 7 segments in each view and automatically calculated the average of 7 LA segments and generated average time-longitudinal S and SR curves. In patients with AF, the LAAmax and LAAmin were visually determined by two observers independent of the ECG and measured. The LAA emptying fraction (LAA-EF) was calculated by the method described by Pollick and Taylor as ([LAAmax -LAAmin]/LAAmax × 100%) [3] .
LAA flow velocity profile:
The LAA peak emptying flow velocities and filling flow velocities were measured.
The presence of SEC and thrombus in LA or LAA:
The spontaneous echo contrast (SEC) was defined as dynamic, smoke-like echoes swirling slowly in a circular pattern within the LA or LAA cavity despite adjustment in the gain setting and graded from 0 to 4+ according to the severity of SEC proposed by Fatkin et al. [7] .
Organized thrombus was defined echocardiographically as a well-circumscribed, uniform-consistency, highly reflective mass adhering to the wall of the LA or LAA.
When dense SEC (grade 3+ or 4+) was present and organized into a dynamic and gelatinous, but not solid or well-formed echodensity present throughout the cardiac cycle, sludge was reported [8] . Inter-observer differences in the grading of SEC and the presence of thrombus were resolved by consensus. As the sludge within LAA is an independent predictor of an increased risk for thromboembolism, whose rate is comparable with that related to LAA thrombus [9] , LAA stasis was defined when sludge and thrombus were present in LAA. The study subjects were classified into 3 groups according to SEC grade: group 1, SEC grade 0 (none); group 2, SEC grade 1+ and 2+ (slight to mild); group 3, SEC grade 3+ and 4+ (moderate to severe), and thrombus.
Intra-observer and inter-observer variability
Twenty images randomly selected respectively from NSR and AF patients were analyzed by a second observer who was blinded to the values obtained by the first observer to assess the inter-observer variability, and analyzed at a different time by the observer who was blinded to the results of the previous measurements to assess the intra-observer variability. Inter-and intra-observer reproducibility was assessed by calculating variability coefficients. Inter-observer variability coefficients were 4.4%, 4.1% and −5.0% for LA Sres, SRres and SRcond in NSR patients respectively.
Corresponding intra-variability coefficients were 3.0%, 3.4% and −3.3%. In AF patients, inter-observer variability coefficients were 6.7%, 6.8% and −7.0% for LA Sres, SRres and SRcond. Corresponding intra-variability coefficients were 5.7%, 5.4% and −6.3%, respectively.
Statistical analysis
Continuous data were presented as the mean ± standard deviation and dichotomous data as a percentage. Comparisons among three groups were performed using one-way analysis of variance (ANOVA) and non-parametric tests, when appropriate. Correlations between two variables were analyzed using Pearson's test or Spearman's test, when appropriate. To determine independent predictors of the presence of LAA stasis for all patients, logistic regression analysis was performed.
Significant variables selected in univariate logistic regression analysis (p < 0.05) were entered into the multivariate analysis. Optimal cut-off values were obtained through receiver operating characteristic (ROC) curves, which combined the higher value of specificity plus sensitivity for the prediction of LAA stasis. A two-sided P-value < 0.05 was accepted as statistically significant.
All data were analyzed using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA) and MedCalc version 12.5.0.0 (MedCalc Software, Mariakerke, Belgium).
Results
Patient population
Four patients were excluded for incomplete S/SR analysis due to acquisition with inadequate imaging quality and the final study population consisted of 130 patients.
No significant difference in general clinical characteristics was observed among the 3 groups except heart rate and the percentage of persistent AF (p < 0.05) ( Table 1) . In echocardiographic parameters, LAVI and LAA area were larger and LAA function was poorer in group 2 than in group 1 and were much more significant in group 3 (p < 0.05) ( Table 2) .
LA S/SR and their relations with SEC grade
LA Sres and SRres were lower in group 2 than in group 1 and were further reduced in group 3 (all p < 0.01). LA SRcond was decreased in group 3 when compared with that in group 1 and 2 (p < 0.05), but no significant difference was observed between group 1 and group 2 ( Table 3 ). The LA Sres and SRres showed a moderate rank correlation with SEC grade (r = −0.567 and −0.520, respectively; all p < 0.01) ( Fig.   2A, B) ; LA SRcond shown a weak rank correlation with LA SEC grade (r = 0.229, p < 0.01) (Fig. 2C) .
Relation between LA S/SR and LAA function
LA Sres and SRres were significant correlated with LAA functional parameters, including the LAA EF (r = 0.602 and 0.619, respectively; p < 0.01) (Fig. 3A, B) and LAA peak emptying flow velocity (r = 0.623 and 0.642, respectively; p < 0.01) (Fig.   3D, E) . The LA SRcond showed a weak negative correlation with LAA EF (r = −0.351, p < 0.01) (Fig. 3C ) and with LAA peak emptying flow velocity (r = −0.431, p < 0.01) (Fig. 3F) .
LA S/SR in prediction of LAA stasis
Logistic regression analysis was performed to identify independent predictors of the presence of LAA stasis (Table 4 The optimal cut-off point of LAVI was recommended as 40 mL/m 2 (AUC value, 0.84; sensitivity, 86%; specificity, 68%; negative predictive values, 96%; positive predictive values, 34%). And the optimal cut-off point of LA Sres was recommended as 13% (AUC value, 0.86; sensitivity, 90%; specificity, 74%; negative predictive values, 98%; positive predictive values, 40%), which was better than that of the LAVI in accuracy for predicting LAA stasis (Fig. 4) .
Discussion
This study was attempted to find a new noninvasive and applicable image modality for screening LAA stasis. The relationships between LA S/SR on TTE, especially during the atrial reservoir phase, and LAA stasis were demonstrated in this study. Besides, the multivariate logistic regression analysis showed that LA Sres was the strongest independent predictor of the presence of LAA stasis.
Conventional 2D TTE has a low sensitivity of only 3-19% for the detection of thrombi in LA and especially in LAA [10] . When the formed thrombi are absent, a dense SEC has been demonstrated to be a strong predictor of ischemic stroke [11] .
Although TEE detects LA or LAA thrombi with a sensitivity and specificity of approximately 95-100%, it may not be performed arbitrarily as it is a semi-invasive procedure [12] . Therefore, it would be helpful for guiding TEE application if there are some other noninvasive imaging modalities for predicting LAA stasis in contemporary clinical practice.
Several studies were attempted to resolve the problem, such as that performed by Tamura [13] and Uretsky [14] . They suggested that Doppler tissue velocity of the LAA tip measured from the TTE was an independent predictor of LAA thrombus formation and may be useful for risk stratification of AF. However, the LAA is generally difficult to be clearly and totally visualized on TTE, which results in a challenge to acquire satisfactory LAA velocity indices by TTE. The feasibility and reliability of LA STE-S/SR has been demonstrated to have adequate tracking quality in 93% of patients with AF with inter-and intra-observer variability ranging between 2.9 and 10.5% [15] . It took about 2-3 minutes to do LA S/SR assessment for each patient after practice. So the LA S/SR analyses would be more clinically practicable.
It will provide incremental information and could be integrated in the assessment and the risk stratification of AF patients.
It has been reported that decreased LAA EF and reduced LAA emptying velocity measured by TEE correlate strongly with the presence of SEC and thrombus in LA or LAA [16, 17] . The correlations between LA S/SR with LAA function parameters, and SEC grade, show the potential application of LA S/SR in predicting LAA stasis.
Compared with the modest correlations between LA S/SR in reservoir phase and those parameters above, LA SRcond only had a weak negative correlation with them. A potential reason might be that the decreased S/SR during the reservoir phase has been closely correlated with structural and electrophysiological atrial remodeling during AF, including LA dilatation and increased interstitial fibrosis as documented by magnetic resonance imaging [18] . But LA SRcond is also subject to LV pressure, except for reflecting LA intrinsic deformation properties.
In this study, there were significant differences concerning heart rate and the incidence of persisting AF among 3 groups. The incidence of persistent AF in patients with SEC or thrombi was higher than in patients without such changes. This phenomenon was also reported by Saraiva [19] . The mechanism may be multifactorial, in which long period of LAA/LA stunning and changes in the LA wall structure are included. LA structural remodeling and mechanic functional impairment induced by persistent AF may be expressed by increased LAVI and decreased LA S. According to the result of univariate analysis, heart rate, persisting AF, as well as CHA2DS2-VASc, coronary artery disease, hypertension, and E/e' ratio, were not significant in predicting LAA stasis.
LA Sres was found to be the strongest independent predictor of LAA stasis in multivariate analysis, followed by LAVI. LA SRres and LA SRcond, which were found significant in univariate analysis, no longer maintained their significance in multivariate analysis. We thought it should be rational for an association of LA strain rather than strain rate with LA stasis, since probably the overall amount of deformation (lengthening or shortening) may be more strongly related to changes of LA volume and contribute more to maintaining LA reservoir and emptying function than the speed at which deformation occurs. In our sample, LAVI was also shown to be an independent predictor of LAA stasis, although it was not as strong as LA Sres.
The associations between LA size and TEE changes were also described in the previous studies [20] . In this study, the significant difference in LAVI among 3 groups, which were classified according to SEC grade, were also consistent with these points of view. The recommended cut-off points for LA Sres and LAVI for predicting LAA stasis, which were identified by the constructed ROC curves, were 13% and 40 mL/m 2 , with sensitivity 90% and 86%, specificity 74% and 68%, respectively. The AUC value of LA Sres was higher than that of LAVI. Consequently, LA Sres would be better than LAVI in accuracy for predicting LAA stasis based on multivariate logistic regression and ROC analysis.
The reason of LA Sres being valuable in predicting LAA stasis should be mainly because of the relations between LA function and LAA stasis. LA S can be used to evaluate LA function in a sensitive and accurate manner [21] . The primary mechanism of thrombus formation in LA or LAA is their dysfunction in patients with AF. In healthy individuals, the highly dynamic LA and LAA structure prevents stasis. In case of its dysfunction, SEC and/or thrombus formation may develop in association with 
Limitations of the study
Firstly, the medication for anticoagulation before AF ablation depends on the physicians in charge. Warfarin's impact on LAA blood status was debatable [25] . In this study, there was no significant difference in anticoagulation status among 3 groups. Considering the LAA stasis's definition including SEC 3+, SEC 4+, and thrombi in this study, the influence of anticoagulant therapy on the results should be able to be ignored. Secondly, this was a relatively small study; further confirmation of our results is needed in larger prospective investigations.
Conclusions
In conclusion, decreased LA strain in reservoir phase by TTE may be a novel noninvasive index for predicting LAA stasis in patients with NVAF. It may be useful for the detection of LAA thrombus and risk stratification of embolism. SRres -global longitudinal strain rate during atrial reservoir phase 
